Methyl groups are very useful probes of structure, dynamics and interactions in protein NMR spectroscopy. In particular, methyl-directed experiments provide high sensitivity even in very large proteins, such as membrane proteins in a membranemimicking environment. In this chapter we discuss the approach for labelling methyl groups in E. coli based protein expression, as exemplified with the mitochondrial carrier GGC.
Introduction
Nuclear Magnetic Resonance (NMR) spectroscopy is a versatile tool for studying the structure, dynamics and interactions of biomolecules at atomic resolution. Over the last decades, biological NMR spectroscopy constantly progressed towards more complex and larger molecules. This evolution was triggered by developments in NMR technology in terms of spectroscopic approaches and sample preparation. In particular, the specific introduction of [ 1 H, 13 C]-labelled methyl groups in a perdeuterated environment is a key element that has allowed NMR to study large molecule systems and complexes (1) . Large molecules are inherently very difficult to study by solution-state NMR, because the slow overall reorientation leads to fast decay of NMR signals, and thus low sensitivity and resolution. Due to the rapid rotation of methyl groups (on a picosecond time scale), the methyl group is partly decoupled from the slow overall tumbling. Therefore, methyl groups have very favourable spectroscopic properties even in large molecules, in particular when the surrounding is deuterated. Sensitivity of methyl groups is also enhanced by the threefold proton multiplicity. Methyl labelling techniques combined with appropriate spectroscopic approaches (in particular, methyl-TROSY experiments (2)) have been shown to provide insight into molecules of up to about 1 MDa in size (3) . Methyl labelling protocols are based on the incorporation of specific precursors during the expression in bacteria growth. Labelling protocols for the methyl groups of all methyl-bearing amino acids have been developed over the last two decades, ensuring that the desired methyl group is labelled at high yield and specificity without scrambling of the introduced isotopes to other sites in the protein (see Table 1 ). More and more laboratories are using these labelling protocols because most of the precursors can be prepared directly in the laboratory. However, to simplify the use of these protocols, precursors are now commercially available with different isotopic labelling scheme used for different types of NMR studies (4, 5) . Other precursors targeting aromatic residues (Trp, Phe, Tyr), have been introduced to label the sidechain of these residues. These labelling approaches of sites other than methyl groups are not within the scope of this review; the reader is directed towards references listed in Table 2 .
The six naturally methyl-bearing amino acids (Ala, Leu, Val, Ile, Thr, Met) represent about ~35 % of the amino acids in soluble proteins, and up to 45 % in α-helical membrane protein. Methyl groups, therefore, provide a good coverage across the structure of membrane proteins, and are in principle a good source of information of structure (through intra-and intermolecular spin-spin couplings, manifest as nuclear Overhauser effect, NOEs), dynamics and interactions. The potential of methyldirected NMR applied to membrane proteins is, however, somewhat compromised by the fact that methyls tend to point towards the hydrophobic membrane-mimicking environment (detergent, lipids). Consequently, their chemical shifts tend to be similar, resulting in narrower dispersion of methyl signals and difficulty of resonance assignment. Nonetheless, multiple NMR studies of membrane proteins show the power of the strategy, such as studies of structure and dynamics of the voltagedependent anion channel (VDAC) (6), the prokaryotic pH-dependent potassium channel (KcsA) (7), the hexameric p7 cation channel from hepatitis C virus (8) and the phototaxis receptor sensory rhodopsin II (PSRII) (9) . Methyl labelling is also becoming an increasingly useful tool for proton-detected MAS solid-state NMR spectroscopy (10) (11) (12) , and although it has to our knowledge so far not been applied to membrane proteins, the approach will certainly rapidly gain popularity also in this field.
This chapter highlights a methyl-specific isotope labelling scheme to study membrane proteins. We outline the approach to produce, purify and assign the methyl groups of GTP/GDP carrier (GGC) from yeast mitochondria in detergent micelles (13) . GGC is a member of the mitochondrial carrier family (14) . These carriers catalyse the transport of small solutes across the inner mitochondrial membrane. GGC transports external GTP into the mitochondrial matrix while exporting internal GDP out of the matrix (14) . When refolded in detergent micelle, GGC forms a highly dynamic ensemble, discussed previously (13). 11. For production of 13 C-labelled protein: D-glucose is substituted by D-
Precursor Preparation
12. For production of methyl-specifically labelled protein: D-glucose is substituted by D-( 2 H, 12 C)-glucose ( 2 H ≥ 98%) and the addition of 13 CH 3 -methyl specifically labelled precursors (see Note 2).
13.
13 CH 3 -methyl specifically labelled precursors:
. Specifically labelled precursors are commercially available on a deuterated form ready for direct introduction into the culture medium (NMR-Bio) or can be prepare in the laboratory (see Note 3).
Innova® 43 Incubator Shaker (Eppendorf).

In Vitro Refolding and Protein Purification.
1. Lysis buffer: 20 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM β-mercaptoethanol (BME), 100 µg/mL phenylmethylsulfonyl fluoride (PMSF), 100 µg/mL benzamidine and 5 µg/mL leupeptine.
2. Denaturing buffer: 3 M guanidine HCl, 1% Triton X-100, 20 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM BME.
3. Refolding buffer: 0.1% Triton X-100, 20 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM BME.
4. Purification buffer: 0.1% n-dodecylphosphocholine (DPC, Anatrace), 20 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM BME.
5. Gel-filtration buffer: 0.1% DPC, 50 mM MES, pH 6.0, 150 mM NaCl, 1 mM BME, and it is filtered on a 0.22-µm polyethersulfone membrane (Millipore).
6. NMR buffer: 0.1% DPC, 50 mM MES, pH 6.0, 1 mM BME, and 5-10% D 2 O, used for spectrometer lock.
7. NuPage Novex Bis-Tris Gel (Invitrogen).
8. 4x NuPAGE® LDS Sample Buffer (Invitrogen).
NuPAGE® MES SDS running buffer (Invitrogen).
10. Ni-NTA agarose beads (Qiagen).
11. Refrigerated Akta FPLC purification system and accessories equipped with HiLoad 16/60 Superdex 200 PG (GE Healthcare).
12. Dialysis cassette: 10 kDa MWCO (Thermo Fischer).
13. Centrifugal concentrator: 10 kDa MWCO (Millipore).
14. Shigemi NMR tubes susceptibility matched to D 2 O (Shigemi Inc).
Solution-State NMR Spectroscopy Experiments for Resonance Assignment
and Chemical Shift Perturbation Studies.
1. All NMR experiments are conducted on a 600 MHz spectrometer equipped with cryogenic TXI probe (bruker).
2. All spectra were processed using NMRPipe (15) and analysed using CCPNMR (16).
Methods
Precursors Preparation, Bacterial Expression & Isotope labelling
3.1.1 Uniform ( 2 H, 13 C, 15 N)
1. The gene of interest was inserted between the NdeI (5') and XhoI (3') sites in the pET-21a (+) plasmid which contains a C-terminus (His) 6 -tag.
2. Transform the plasmid (17) 5. Spin down the cells at 2,000 × g for 10 min at room temperature and resuspend a small amount of them in 100 mL of M9 D medium to achieve a starting OD 600 of 0.1. Incubate the culture in a shaking incubator (220 rpm) at 37°C during overnight. (final OD 600 is about 1.5) (see Note 4).
6. Inoculate with overnight culture, 900 mL of M9 D medium in a 3 L baffled flask to achieve a starting OD 600 of 0.1 (see Note 5). Incubate the culture in a shaking incubator (220 rpm) at 37°C until the cultures reaches an OD 600 of 0.6 (see Note 6).
7. Induce expression of the protein by adding 1 mL of IPTG to a final concentration of 0.5 mM at 37°C for 4 h. the final OD 600 is typically between 1.2 and 1.4 (see Note 6, note 7).
8. Harvest the cells by centrifugation at 5,000 × g for 30 min at 4°C. Resuspend the cells with lysis buffer in 50 mL falcon tube and freeze the cells at -80°C.
Methyl Specific Labelling (
2 H, 13 C, 15 N)
1. Use uniform ( 2 H, 13 C, 15 N) labelling protocol described above until step 6.
2. Inoculate with overnight culture, 700 mL of M9 D medium in a 3 L baffled flask to achieve a starting OD 600 above 0.1 (see Note 5). Incubate the culture in a shaking incubator (220 rpm) at 37°C until the cultures reaches an OD 600 of 0.6. 4. Let the culture grow for 1 h (OD 600 reaches the value of 0.6)(see Note 6).
5. Induce expression of the protein by adding 1 mL of IPTG to a final concentration of 0.5 mM at 37°C for 4 h. The final OD 600 is typically between 1.2 and 1.4 (see Note 6, Note 7, Note 9).
6. Harvest the cells by centrifugation at 5,000 × g for 30 min at 4°C. Resuspend the cells with lysis buffer in 50 mL falcon tube and freeze the cells at -80°C.
In Vitro Refolding and Protein Purification
1. Resuspend the cell pellets in 100 mL lysis buffer per liter growth using a Dounce homogenizer. Disrupt the cells by sonication on ice, until obtaining a clear and homogeneous suspension (3x 4 min, at 50 W using 50% duty cycle). Spin down E. coli inclusion bodies at 40,000 × g for 30 min at 4°C to purify away water-soluble contaminants.
2. Solubilise the GGC-containing inclusion bodies in 50 mL of denaturing buffer and incubate under vigorous stirring at 4°C overnight. Pellet undissolved matter by centrifugation at 40,000 × g for 30 min at 4°C.
3. Equilibrate 10 mL per liter of growth of Ni-NTA agarose beads on column with 3 column volumes (CVs) of denaturing buffer.
4. Add 10 mM imidazole to the supernatant and load onto equilibrated Ni-NTA column at 1 -2 mL/min.
Wash with 3
CVs of denaturing buffer containing 10 mM imidazole to remove contaminant proteins.
Wash with 3 CVs of refolding buffer (see Note 10).
7. Wash with 3 CVs of purification buffer (see Note 11).
8. Elute bound GGC with 3 CVs of purification buffer containing 250 mM imidazole.
9. Pre-rinse centrifugal concentrators (10 kDa MWCO) with purification buffer at 3,200 × g for 5 min. Concentrate the protein to ~5 mg/mL using series of 5-min spins at 3,200 × g and 4°C.
10. Equilibrate the HiLoad 16/600 Superdex 200 PG column with 1.5 CVs of filtered gelfiltration buffer.
11. Load onto the gel filtration column at 1.0 mL/min, collecting 0.5 mL fractions for 1.5 CVs. Assess the purity of relevant fractions by SDS-PAGE (5 µL of each fraction). (Fig. 1) 12. Pool the pure protein fractions and dialyse for 2 h against NMR buffer using dialysis cassette (10 kDa MWCO), twice. Measure protein concentration by UV absorbance.
13. Pre-rinse centrifugal concentrators (10 kDa MWCO) with NMR buffer at 3,200 × g for 5 min. Concentrate the protein to 0.5-1.0 mM using series of 5-min spins at 3,200 × g and 4°C.
Load the final sample to a Shigemi NMR tube. 2. Process spectra, for example using the software NMRPipe (15) and assign resonances, e.g. in the software CCPNMR (16). (Fig. 2) (Fig. 3). 2. Start from a methyl group resonance (Fig. 3 A) and navigate in the CN-NOESY spectrum to find all cross-peaks corresponding to magnetization transfer from the methyl group to assign (Fig. 3 B) . Then for each possible amide resonances (Fig. 3 C) , navigate in the NC-NOESY spectrum to find cross-peaks corresponding to the methyl group resonance (Fig. 3  D) .
Solution-State NMR Spectroscopy Experiments for Resonance
Methyl Group Assignment
3. Get the proton and nitrogen frequencies from CN-NOESY and NC-spectrum, respectively. 4. Assign the methyl group from neighbouring amide resonances found.
5. Repeat the process for each methyl group resonance (see Note 12).
D-(
2 H, 13 C)-glucose ( 2 H ≥ 98% ; 13 C ≥ 99%) should be used when uniform 13 C labelling is desired for backbone assignment or in the context of methyl assignment with magnetization transfer from methyl to backbone. Also, uniformly 13 C-labelled precursors must be used.
2. D-( 2 H, 12 C)-glucose ( 2 H ≥ 98%) should be used when best sensitivity and resolution is desired. Such sample can be used for chemical shift perturbation studies with 1 H-13 C-HMQC experiments without the use of constant time, NOESY experiments and can also be used for relaxation experiments.
3. Precursors can be purchased in protonated form and dissolved in D 2 O for exchange to take place.
2 H-13 CH 3 -2-ketobutyric acid ( 13 C ≥ 99%; 2 H ≥ 98%) and 2 H-13 CH 3 -2-hydroxy-2-methyl-3-oxo-4-butanoic acid ( 13 C ≥ 99%; 2 H ≥ 95%) can be prepared as described (18), (19), respectively.
2 H-13 CH 3 -Alanine ( 13 C ≥ 99%; 2 H ≥ 98%) can be prepared by using the tryptophan synthase enzyme, as described (20). 4. Critical step: If cultures did not reach final OD 600 ≥ 1.2, abort at this step. Bacterial adaptation was not optimal.
5. Critical step: Starting OD 600 in D 2 O should be always ≥ 0.1.
6. Analyse protein expression levels by using SDS-PAGE. Spin down cell quantities equivalent to 200 µL of OD 600 = 1.0 at 12,000 × g for 2 min at room temperature and discard supernatant. Resuspend the pellet in 15 µL of 4x NuPage® LDS Sample buffer and 45 µL of H 2 O, sonicate and place the sample on a 90°C heat block for 5 min. Load 20 µL sample per lane and run the gel using NuPAGE® MES SDS running buffer.
7. Optimal temperature and IPTG conditions should be explored for each construct. In some cases, lower IPTG concentration results in higher expression levels. Lower temperature and increasing induction time results in higher expression (24 h at 18°C, or 12h at 24°C). In the case of GGC, lower the temperature lead to decrease the amount of expression.
8. To minimize isotope scrambling and maximize isotope incorporation add the labelled precursors to the culture one hour prior to induction. To do so, dilute the cultures with a large volume of media containing the precursors (200 mL). The cultures should reach back OD 600 of 0.6 after 1h.
9. Critical step: Avoid excessively prolonged growth after induction to prevent isotope scrambling by precursor recycling. 10 . In this step, we used a fast exchange by removing the guanidine HCl and decreasing the amount of detergent in one step. However, in some case a more gentle protocol can be use by successive washing of the column with solutions of decreasing concentration.
11. In this step, different solutions of detergent and mixture can be used to optimize the sample condition.
12. For the assignment of Alanine, 2 H-13 CH 3 -15 N-Alanine ( 13 C ≥ 99%; 2 H ≥ 98%; 15 N ≥ 98%;) must be used for labelling. In case 2 H-13 CH 3 -14 N-Alanine is used, no H-N correlation peak can be observed, and consequently no methyl-backbone NOESY cross peak. In such case, the assignment of the methyl group has to rely on NOE contacts to other backbone sites. 
